DNA Base Excision Repair Gene-DNA LigaseIII (LIG3) is an important repair gene in the repair pathway and plays an important role in maintaining the integrity of mitochondria. Rs1052536 and rs3135967 polymorphisms of the gene are associated with lung cancer, keratoconus, and Fuchs endothelial corneal dystrophy. There is no previously published report on the relationship between the polymorphisms and neural tube defects (NTDs).
Background
Neural tube defects (NTDs) are a group of common, severe, congenital malformations that have a high prevalence (0.05-0.2%) worldwide [1] and the prevalence in China (0.2-0.4%) is the highest in the world [2] . In some areas in Shanxi province, the prevalence reaches 10.2-20%. The etiology of NTDs is multifactorial and includes genetic and environmental factors [3] . Recent research suggests that many factors contribute to occurrence of NTDs. At 3-4 weeks of embryo development, failed neural tube closure results in NTDs, such as spina bifida, anencephaly and encephalocele, and this is one of the main causes of infant death, mental retardation, and lifelong disability of children. The pathogenesis of NTDs is unclear, and most research has focused on folate metabolism pathways. Folic acid, as a carrier of 1 carbon unit, participates in DNA synthesis, repair, and methylation, and is necessary for body growth and reproduction, as well as being essential for fetal growth and development. Several studies have shown that folate deficiency during pregnancy is one of the most important risk factor in NTDs [4] [5] [6] [7] . Folic acid supplementation (0.4-4.0 mg/d) could prevent about 50%~70% of NTD occurrence [8] . Lack of folic acid during pregnancy may affect the synthesis and repair of DNA, leading to birth defects. Experimental animal studies founded that diet lacking folic acid during pregnancy leads to fetal death, stillbirth, fetal growth retardation, and weight loss [9] , but the exact mechanism has not been elucidated.
DNA repair is an important human physiological function, participating in DNA synthesis, cell synthesis, and other important biological processes. To maintain body stability, each repair pathway plays a different role in repairing damage. Their repression has different effects on DNA damage response, and increases susceptibilities to disease. Environmental and genetic factors contribute to structural damage in DNA, and if it is not repaired in time the damage may affect gene expression, leading to mutations and deformities. Animal experiments proved that knockout of crucial genes related to DNA repair lead to embryonic death, cessation of growth, and birth defects. Finnell and others also found that key genes associated with DNA repair single-nucleotide polymorphisms may increase risk of spina bifida and oral clefts [10, 11] 
, such as Xeroderma pigmentosum D (XPD), acclimation of photosynthesis to environment (APE1), X-ray repair cross-complementing 3 (XRCC3), 8-oxoguanine DNA glycosylase (hOGG1), and Methylenetetrahydrofolate reductase (MTHFR). DNA ligase III (LIG3)
gene is a critical gene in nucleotide excision repair (base excision repair, BER), located on human chromosome 17q11.2-12, which encodes proteins responsible for DNA repair after stump closure, then connects them into a complete DNA strand; therefore, the single-nucleotide polymorphisms of this gene may affect the ability to repair DNA damage. Among human LIG genes, LIG3 gene is unique in that it encodes multiple DNA ligase polypeptides with different N-and C-termini. One of these polypeptides is targeted to mitochondria, where it plays an essential role in maintenance of the mitochondrial genome. In the nucleus, DNA ligases I, III, and IV have distinct but overlapping functions in DNA replication and repair [12, 13] .
Studies have found that many gene loci are associated with incidence of lung cancer, esophageal cancer, chemotherapy, and radiation injury, and results of preclinical studies with human cancer cell lines and mouse models of human cancer suggest that DNA ligase inhibitors have utility as anti-cancer agents [13] [14] [15] [16] . There are multiple SNP loci in the 3'-UTR region, playing an important role in maintaining the integrity of mitochondrial DNA, such as rs1052536, rs11868699, rs3135966, rs3135967, and rs61749869. A case-control study reported an association between polymorphism in UCP2 gene, which is located in the 3'-UTR region, and spina bifida in a California population [17] , and being homozygous for DD carries a high risk of spina bifida. In our previous study [18] , the polymorphisms in exon 8 of UCP2 were found to be potential genetic risk factors for NTDs in a high-risk area in China. Finnel et al. [9] selected 6 polymorphisms in 6 hot genes and indicated that 4 of them -XPD (rs1799793), APE1 (rs3136820), XRCC3 (rs861539), and OGG1 (rs1052133) -can increase risk of spina bifida and oral clefts in a California population, but the relationship between single-nucleotide polymorphisms (SNPs) of LIG3 and NTDs has rarely been reported, especially in China. In the present study, 108 pregnant women who gave birth to infants with NTDs and 233 pregnant women as controls were selected to investigate the correlation between 2 common SNPs of LIG3 (rs1052536 and rs3135967) and occurrence of NTDs in a high-risk area in China.
Material and Methods

Study participants
A case-control design was ongoing in the study. We conducted a hospital-based case-control study from 2004 to 2009 in Shanxi province in northern China, including 9 hospitals in Zhongyang, Jiaokou, Heshun, Lin counties, and Liulin, which have an NTD prevalence of 199.38 per 10 000 births [19] . We recruited NTD and control pregnant women who were receiving prenatal care or who delivered at the hospital and agreed to participate in our study. Finally, 341 pregnant women were included in the study (233 controls and 108 cases). Women diagnosed with NTD fetus by B-type ultrasonic inspection and who electively terminated an NTD fetus or had a live birth or stillbirth with NTD were defined as cases. The pathological diagnosis of NTDs was completed by experienced pathologists according to the International Classification of Diseases, Tenth Revision, codes Q00 anencephaly, Q05 spina bifida, and Q01 encephalocele (http://apps.who.int/classifications). In the case group, there were 58 cases of anencephaly, 41 cases of spina bifida, and 9 cases of encephalocele. In the control group, women who had a live-born infant with no identified structural malformation after 1-year follow-up and who aborted for nonmedical reasons were enrolled from the same region and same hospital during the same period. When pregnant women were recruited, their clinical information was collected and recorded, such as the gestational age in weeks, and serum samples. The controls who were invited to participate were initially selected by matching for age and date of conception with women in the case group. After giving informed consent, all the subjects had B-type ultrasonic inspection and prenatal examination, and completed a questionnaire with items on age, parity, gravidity, gestational age, and folic acid intake. Any fetuses displaying pathological malformations or intrauterine growth retardation were excluded from the control group. Then, 5 mL of venous blood was collected and stored at -20°C in a local hospital before shipping on ice to laboratories at the Capital Institute of Pediatrics in Beijing by our study group members every other month, taking precautions to ensure samples were not subjected to repeated freezing and thawing.
DNA extraction and nucleotide sequences
Genomic DNA was extracted from frozen tissue samples using the Blood and Tissue DNA Kit (Qiagen, Germany) according to the manufacturer's instructions, and with blank control of Tris-EDTA. The concentration and purity of the DNA were determined by absorbance at 260 nm and 280 nm. 
Genotyping and measurement
Quality control
Epidemiological questionnaires were designed based on the literature and combined with the local population and environmental characteristics, and after the pre-survey we made some supplements and amendments. All investigators were trained. The reagents and samples were dispensed and stored at -20°C on ice to avoid repeated freezing and thawing. The genotyping samples were double-blinded, each sample was run in duplicate, and we compared blanks and negative controls. To ensure consistency, 10% of the samples were re-genotyped. To validate the accuracy of MassARRAY SNP genotyping analysis technique, we directly sequenced 10% of the samples and found 100% concordance between them (data not shown).
Results
We recruited 108 cases and 233 matched controls and conducted a hospital-based case-control study in the Lvliang mountain area of Shanxi province in northern China and preliminarily investigated the association between LIG3 gene and NTDs. As shown in Table 2 , the distributions of age, sex, pregnancy, parity, education, and folate intake were similar between the case group and control group, but there was a statistically Genotype frequencies in cases and controls were in concordance with Hardy-Weinberg equilibrium (P>0.05), indicating that the study samples were representative of the group (Table 3) . relatively small, the specific relationship between differences and this disease needs to be further explored.
HaploView software was used to make haplotype analysis in selected loci in our study, showing that the 2 sites of LIG3 single-nucleotide polymorphisms were in linkage disequilibrium ( Figure 3 ). The 2 LIG3 polymorphic loci in this study had 4 haplotypes, as shown in 
Discussion
Numerous studies showed that DNA damage might be a genetic risk factor in various diseases, especially geriatric diseases and cancers [20, 21] , but there has been no previous study on complex problems such as birth defects. In the present case-control study, we selected 108 NTD pregnant women and 233 control pregnant women (matched by age and gestational age with the case group) from 9 hospitals at Lvliang areas in Shanxi province, which is a high-risk area for NTDs in Chinese Han people. We explored the relationship between key gene LIG3's popular research sites-rs1052536 and rs3135967 single-nucleotide polymorphisms The relative stability of the human genome in prevention of genetic diseases is very important. Folic acid is involved in onecarbon unit transfer processes, and plays a decisive role in purine and pyrimidine synthesis, transformation from dUMP to dTMP, and DNA methylation. Therefore, folic acid is a kind of vitamin which plays a key role in DNA synthesis, repair, DNA configuration, gene expression, and cell proliferation. Existing evidence indicates that the accumulation of DNA damage is closely related to certain diseases, and folic acid might affect genome stability. The populations in this study were folatedeficient. Normal DNA synthesis was subject to different degrees of influence, and then affected the stability of the genome. At a certain time, cells in the body start to use multiple DNA repair pathways to repair damaged DNA; this is a normal function of the body and such repair is essential. Table 10 . Genotype distribution and allele frequencies of rs3135967 polymorphism in normal population of different races. The base excision repair (BER) system is one of the most important pathways in a variety of DNA repair mechanisms, in which DNA base damage is caused by oxidants and alkylating agents, and plays an important role in maintaining the integrity of DNA in human cells [22] [23] [24] .
CHB -Han Chinese in
Research shows that the process of DNA base excision repair glycosylases involves downstream mechanism dysfunction and leads to fetal death [25, 26] . Thus, maintaining the normal operation of this pathway is very important. Reduction or loss of function in key genes expression of repairing system influence DNA repair capacity to various degrees, affecting cell function and increasing the risk of mutation, while also increasing susceptibility to disease.
DNA ligaseIII (LIG3) is one of the important repair genes in the repair pathway, encoding a mitochondrial protein, and plays an important role in maintaining integrity of mitochondria. It is in charge of connecting DNA to a complete protein after DNA stump closure. This process plays an important role in DNA replication, recombination, and repair processes. DNA replication and repair processes in mammals involve 3 major ligases: LIG1, LIG3, and LIG4 [27] . In the base excision repair pathway, LIG3 is considered a key ligase, which plays an essential role in maintenance of the integrity of mitochondrial DNA [28, 29] . Studies have shown that LIG3 gene inactivation in the mouse neural system leads to damage of mitochondrial DNA deletions, mitochondrial dysfunction, body balance disorders, and movement disorders [30, 31] . LIG1 is also involved in DNA repair with LIG3 [32] . [34] .
Birth defects are complex diseases in which environmental factors and genetic factors act together. Birth defects are somewhat similar to tumorigenesis, but no correlation has been reported between LIG3 on DNA repair gene single-nucleotide polymorphisms and birth defects.
The occurrence and development of disease is a systematic behavior. Some key gene mutations cause genetic heterogeneity of human diseases (heterogeneity) in the long evolutionary process [35] . Genetic heterogeneity refers to a phenotype consistent with the same individual or clinical manifestations of the same disease, but may have different genotypes due to different genetic basis, and the mode of inheritance, age of onset, progression, severity, prognosis, and risk of recurrence may be different. This is an important feature of complex disease, and warrants more research [36, 37] . Studies have shown that the increased incidence of genetic diseases is not only due to the discovery of new diseases, but is also caused by the separation of the isoforms from a known syndrome, namely the existence of genetic heterogeneity, which is becoming increasingly common. Complex diseases exist for different people or different tissues of the same individual with differences in susceptibility. Many causes and mechanisms of complex diseases are unclear, and show no obvious regularity. NTDs are this kind of complex disease. In the present study we focussed on 2 SNPs (rs1052536 and rs3135967) in LIG3, and our results showed that rs3135967 was negative, which was consistent with the results of the Sukki Cho [38] . Rs3135967 is located in the intron area of LIG3 gene of Chr17q12 (34986710-34986710). Significant differences were found in Rs1052536 carrying T allele in the anencephaly group, and we also found that the T allele significantly increased risk of brain malformation; the differences were statistically significant, but no significant difference was found in the spina bifida group compared with the control group. This result suggests that the effect of the mutation on brain development may be greater than that on the spine, resulting in significant differences between groups in malformations of the brain. This is not an isolated phenomenon; Xie et al. [39] also showed a similar situation, in which GCPII gene SNP rs202676 carrying G allele significantly increased disease risk in the anencephaly group (P=0.03, OR=2.11, 95%CI [1.11-4.01]), but spina bifida and encephalocele had no significant differences. Of the 2 sites selected in this study, rs1052536 is located in UTR-3 and rs3135967 is located in intron. Functions of intron regions are not entirely clear, and data on the relationship between rs3135967 and NTDs show a trend, but without a statistically significant difference. Studies have shown that non-coding region sites may also cause genetic mutations [40] ; therefore, the relationship between rs3135967 and NTDs should not be dismissed simply because it was found in a non-coding region, and the specific association between them needs to be further explored.
In this study, only rs1052536 showed a close relationship with the incidence of NTDs in 2 sites, but no significant difference was found for the rs3135967 locus. Linkage disequilibrium analysis (D=0.952, r 2 =0.848) showed linkage disequilibrium located in the same block, but the results were significantly different for the 2 points; therefore, s we concluded that there may be some other factors involved that need to be further explored.
In addition, we compared allele and genotype frequencies of the SNP loci in different groups. We found that compared with HapMap database (http://Hapmap.ncbi.nlm.nih.gov), Genecards database (http://www.genecards.org), the US National Center for Biotechnology Information (NCBI) database of genetic variation (db SNP), thousands of people plan database (http:// browser.1000genomes.org) and genome databases Ensembl (http://www.ensembl.org), the distribution of allele and genotype frequencies were significantly differently in different ethnic groups, especially the European populations (P<0.001), as shown in Tables 9 and 10 . This suggests that the differences between the races, including geography, environment, culture, and lifestyle are likely to be the causes of single-nucleotide polymorphisms, and the differences between Asian populations and European populations are particularly evident. However, because the sample size and the database were both relatively limited in this study, the specific relationship between the differences and this disease need to be further explored.
Results of the present study suggest that the effect of a single gene mutation for complex diseases such as birth defects was quite small, and it might be the cumulative effect of multiple common variants and their interaction with environmental factors that lead to disease susceptibility. The DNA repair system is complex and precise, and individual single-nucleotide mutations have limited impact on body functions. Several or more mutant mutual or joint action may significantly affect DNA repair, leading to damage accumulation and affecting the occurrence and development of diseases. Therefore, particular combinations of specific genes are the most important causes of disease susceptibility, and more and more studies of diseases use polygenic joint research [41] . Many key genes are involved in the DNA excision repair pathway, like APE1, OGG1, and XRCC1. Their roles in the BER pathway are indispensable, and the combination of these genes deserve future research attention.
In summary, 2 sites in only 1 of the base excision repair pathway genes were studied. The limited number of samples and the limited number of races might also have biased our results, which only showed a weak tendency, and the relationship between mechanism and occurrence of NTDs is unclear. Phenotypic heterogeneity may also be a study limitation. The cases in our study include 3 subtypes, and the limited analyses specific to each NTD subtype did not achieve significant results. Therefore, we need to further refine the association study by expanding the sample size and including more mutations in the future to provide experimental evidence for the early diagnosis and prevention of NTDs.
Conclusions
The current study supports that rs1052536 of DNA base excision repair pathway genes LIG3 is a potential risk factor in a high-risk region for NTDs in China, in which the TT genotype significantly increased risk of cranial NTDs. Allele T carrier might be an important genetic susceptibility factor for cranial NTDs, but further research is needed to define the precise mechanism by which the variant affects NTDs.
